"Control-by-wire" technology on vehicles has caught a lot of attentions with the development of automotive electronics and network technology. By using the control-by-wire technology, the conventional hydraulic, pneumatic or mechanical actuators are replaced by electric driving actuators, resulting in better controllability and faster response. Due to their ample demand for electricity supply, control-by-wire technology is made more suitable for application in electric vehicles than in conventional vehicles.
INTRODUCTION
D. Doman and M. Oppenheimer [1] proposed an optimal control algorithm for dealing with failures of brake actuators in a vehicle featured a brake-by-wire system and a steer-bywire system. By using dynamic inversion of vehicle model in conjunction with optimal control allocation and efficient methods of linear programming, the control inputs can be determined to minimize the difference between the desired and actual vehicle motions, while satisfying actuator constraints. However, the algorithm is only for the failure of one actuator. Failure of multiple actuators and failure of the whole brake-by-wire system are not covered.
A new control allocation algorithm for improving the failsafe performance of an electric vehicle brake system is proposed in this paper. The electric vehicle is equipped with a four-wheel independent brake-by-wire and steer-by-wire system. The main objective of the algorithm is to maintain the vehicle braking performance as close to the desired level as possible by redistributing the control inputs to the actuators in cases of partial or full failure of the brake-bywire system. The control algorithm is evaluated in Matlab/ Simulink. Cases of the brake-by-wire system's partial failure and full failure are all covered while performing the simulations. Simulation results show that the algorithm works effectively to ensure safe braking in case of brake system failures.
CONTROL ALLOCATION ALGORITHM
The framework of the control system using a control allocation algorithm is shown in Figure 1 . The system includes a pseudo controller and a control allocation controller. The task of the pseudo controller is calculating pseudo control input, v n , according to vehicle responses, x. Then the actual control input, u m , to the vehicle actuators is calculated according to v n by the allocation controller. In failure situations, the allocation controller has to reallocate the elements of u m according to failure modes. 
Sliding Mode Pseudo Controller
A sliding mode algorithm is adopted for the pseudo controller. The pseudo controller is designed by using a 2-DOF four-wheel vehicle model shown in Figure 2 , where lateral and yaw motions are concerned. In the figure, m and I z are vehicle mass and vehicle angular moment of inertia around vertical axis; k f and k r are total cornering stiffness of front wheels and rear wheels, respectively; t wf and t wr are wheel tracks of front axle and rear axle, respectively; F xi and F yi , i=1, 2, 3, 4, are longitudinal and lateral forces applied on the four tires; δ i , i=1, 2, 3, 4, are steering angles of the four wheels; α i , i=1, 2, 3, 4, are sideslip angles of the four wheels; a and b are the horizontal distance from vehicle center of gravity (COG) to front and rear axles, respectively; L is wheel base; β is vehicle sideslip angle at COG; u, v and r are vehicle longitudinal speed, lateral speed and yaw rate, respectively.
Figure 2. A 2-DOF four-wheel vehicle model
The over-actuated system of the vehicle can be described by the following equation [9] :
with some notations defined as below: . Furthermore, it can be expanded as
The pseudo controller is a state-following controller by forcing x follow its desired value
order to ensure good vehicle stability. r d is determined according to the steering wheel angle input δ sw to represent the driver's steering intention, and for a neutral steering vehicle (i s is steering ratio for vehicles with a conventional mechanical steering system).
Define a switching function for the sliding mode pseudo controller as S 1 =v -v d , and then its derivative can be expressed as
where K S1 is a positive design parameter.
Substituting Eq. (4) and the first equation of (2) into (3) yields
Similarly, v n2 can be calculated as follows by defining another switching function as S 2 =r -r d
(7)
where K S2 is another positive design parameter.
It is assumed that the values of u and v can be known by some estimation algorithm [10, 11, 12] .
Control Allocation Controller
For the electric vehicle featured a four-wheel independent brake-by-wire and steer-by-wire system, the total braking force can be expressed as (8) where, . If Eq. (8) is expanded, the last two items, i.e. and , are actually braking forces due to brake-by-steering (the two wheels on the same axle are additionally steered in opposite directions to generate braking effects) on front axle and rear axle, respectively. The desired value of F total is determined according to the force on the brake pedal. In order to apply the control allocation algorithm, v n =Bu m and Eq. (8) can be combined as follows
The control allocation controller can be described as (10) where D # is the pseudo-inverse of D, and [13] . W is a weighted diagonal matrix. DW −1 D T is a constant coefficient matrix and it can be easily proved to be revertible. If some control inputs in u m exceed their operation limits, the inputs should be replaced with their saturated values. The derivation of Eq. (10) is described in Appendix.
Reallocation Control Algorithm
A reallocation control algorithm can be used when a brake-by-wire failure occurs. In this case, a new solution for the control allocation problem can be found by modifying the matrix W so that the vehicle motion is maintained as close to the desired level as possible. If the desired motion cannot be negotiated due to the physical limits of tire-road interaction, a tradeoff among longitudinal, lateral, and yaw responses has to be taken.
The failure modes of the brake-by-wire system can be roughly categorized as three types, i.e. actuator failure, sensor failure, and controller failure. Although there are two totally different actuator failure modes regarding actuator failure, either losing of braking or uncommanded braking, only the former actuator failure mode, i.e. lose of braking, is taken into account in this paper. Besides, both sensor failure and controller failure modes are not covered here. In summary, the reallocation control algorithm proposed in this paper is only for the lose-of-braking actuator failure, either singleactuator failure or multi-actuator failure, and the relevant failure modes can be further divided into the following 4 subcategories: 1) one wheel; 2) one axle; 3) Two wheels on the same side; 4) Three or four wheels. The schematic illustration of the failure modes are shown in Table 1 . The black wheels in the pictures are the failure wheels.
Table 1. Schematic illustration of the failure modes and the steering angle compensations
Some algorithms, either relying on sensor redundancy or using model-based techniques, have been developed for detecting and identifying failure modes [14] . Thus, the failure modes are assumed known in the following examples.
Failure of One Wheel
If one actuator of the brake-by-wire system fails, the braking forces are reallocated among the three other actuators. Additional steering angles may be applied to the front and/or rear wheels in order to balance the yaw moment generated by the asymmetric braking.
For example, if the diagonal elements of matrix W are originally defined as and the front left actuator fails, the matrix W can be modified by enlarging the corresponding weight as follows where the enlarged weight 2000 is much greater than other three weights for brake forces, i.e. 3, 3 and 2. Consequently, F x1 is forced to approach zero and F total is allocated to the other three brake-by-wire actuators. The last two weights in W are selected as 3×10 12 , sufficiently large to force Δδ f and Δδ r approach zero. In other words, the last two weights are such selected that the wheels on the same axle have the same steering angle, without utilizing the brake-by-steering effect.
Failure of One Axle
If two actuators on the same axle fail, the two wheels on the axle are steered in opposite directions in order to generate additional braking forces. In this case, the other two wheels still provide normal braking forces.
Without loss of generality, assume that the actuators on the front axle fail. The reallocation control now modifies the matrix W as Since both weights for F x1 and F x4 (2000) are much greater that those for F x2 and F x3 (3), F total is therefore only allocated to the two rear actuators. The seventh diagonal element in W is changed from 3×10 12 to 3×10 9 , meaning that now the front wheels can be oppositely steered to generate braking forces due to brake-by-steering effect. The operations on the wheels in this case are shown in Table 1 .
Failure of Two Wheels on the Same Side
If two actuators on the left or right side fail, the other two actuators can still be used to generate braking forces. Now additional steering angles are applied to the front and rear wheels in order to balance the yaw moment due to the asymmetric braking.
Without loss of generality, assume that the actuators on the left side fail. The control algorithm modifies the matrix W as
The reallocation control forces the left braking forces be zero and F total is allocated to the right side actuators.
Failure of Three or Four Wheels
In this case, the possible remained actuator is used to generate a braking force. And all the wheels are applied extra steering angles to generate additional braking forces due to brake-by-steering effect.
Assume that the whole brake system fails. The matrix W is now modified as The operations on the wheels in this case are shown in Table 1 . All braking forces are generated based on the brakeby-steering effect.
VEHICLE MODEL
An 8-DOF nonlinear vehicle model with rotational dynamics of the four wheels and longitudinal, lateral, roll, and yaw motions is used for simulations to evaluate the control algorithm developed in this paper [15] .
For simplicity and partly due to non-availability of some vehicle parameters, the following is assumed [16] 1). Inclination angle of roll axis with respect to (w.r.t.) horizontal plane is small enough and thus negligible;
2). All products of inertia are negligible;
3). Additional steer angles as a result of compliance and roll steer effects are negligible; 4). Tire inclination angle is zero; 5). Tire self-aligning moment is negligible.
Also cited from [14] and after some modifications, the equations of motion are as follows: (11) (12) ( 
13) (14)
In the above equations, ϕ is roll angle around roll axis of the vehicle; m ϕ is mass of roll part; h ϕ is COG height of roll part (m ϕ ) w.r.t. roll axis; C ϕ is total roll stiffness; I xϕ , I yϕ and I zϕ are roll moment of inertia, pitch moment of inertia and yaw moment of inertia of the roll part, respectively; Q u and Q v are general forces at vehicle x-axis and y-axis, respectively; Q r and Q ϕ are general forces for yaw motion and roll motion of roll part, respectively.
The general forces are as follows: where, F zi and F zsi are vertical forces and vertical static forces on the four tires, respectively; a x and a y are longitudinal and lateral accelerations of the vehicle, respectively; h g is COG height of total vehicle mass w.r.t. ground.
The "Magic Formula" tire model for combined slip is used for the vehicle model [17] . The basic parameters of the vehicle model are shown in Table 2 . 
SIMULATION RESULTS
The control allocation algorithm is evaluated in Matlab/ Simulink. The simulation results are compared with those for an uncontrolled vehicle. The uncontrolled vehicle is a front wheel steering vehicle. The basic parameters of the two vehicle models are the same. To simulate driver's control on the steering wheel, a single-point preview driver model [14] with a preview time of 0.8s is used for the simulations. In all simulation scenarios, the vehicle initial speed is 80km/h and the road friction coefficient is 0.8. The desired vehicle acceleration is −5m/s 2 during braking. Braking on a straight road is assumed and it starts at 1s.
Failure of Front Left Actuator
When the front left actuator fails, the braking forces and steering angles of the four wheels for the controlled vehicle are shown in Figure 3 . It can be seen that F 1 is zero and F total is allocated to the other three actuators. Additional steering angles are applied to the front and rear wheels to balance the yaw moment generated by the asymmetric braking. The accelerations and the lateral deviations for the controlled and uncontrolled vehicles are shown in Figure 4 . The stop distance for the controlled vehicle is 52.5m and that for the uncontrolled vehicle is 75.3m. It can be seen from Figure 4 that the acceleration for the controlled vehicle is much closer to the desired value and the lateral deviation for the controlled vehicle is smaller than the uncontrolled one. 
Failure of Front Actuators
When the two front actuators are both in failure, the braking forces and steering angles of the four wheels for the controlled vehicle are shown in Figure 5 . It can be seen that F 1 and F 4 are both zeros and only the rear wheels can generate braking forces. The front wheels are steered in opposite directions to generate additional braking forces. The accelerations and the lateral deviations for the controlled and uncontrolled vehicles are shown in Figure 6 . The stop distance for the controlled vehicle is 58.6m and that for the uncontrolled vehicle is 149.6m. The acceleration for the controlled vehicle is close to the desired value but still have a small deviation. The acceleration for the uncontrolled vehicle has a large deviation from the desired value. The lateral deviations for the controlled and uncontrolled vehicles are both very small. 
Failure of Left Side Actuators
When the two left side actuators are both in failure, the braking forces and steering angles of the four wheels for the controlled vehicle are shown in Figure 7 . It can be seen that F 1 and F 2 are both zeros, and only the right side wheel brakes work properly. Additional steering angles are applied to the front and rear wheels to balance the yaw moment generated by the asymmetric braking.
The accelerations and the lateral deviations for the controlled and uncontrolled vehicles are shown in Figure 8 . The stop distance for the controlled vehicle is 67.1m and that for the uncontrolled vehicle is 93.7m. The acceleration for the controlled vehicle is closer to the desired value than the uncontrolled one. The lateral deviation for the controlled vehicle is much smaller than the uncontrolled one. Failure of Whole Brake-by-wire System
When the whole brake-by-wire system fails, the brake system can't generate braking forces. However, the controlled vehicle can generate additional braking forces by using the brake-by-steering effect. The steering angles of the four wheels for the controlled vehicle are shown in Figure 9 . The stop distance is134.2m. The deceleration is about 1.8m/s 2 . The lateral deviation is less than 0.3m. 
CONCLUTION
A new control allocation algorithm for improving the failsafe performance of an electric vehicle brake system is proposed. The algorithm is evaluated in Matlab/Simulink by using an 8-DOF nonlinear vehicle model. The simulation maneuvers involve several actuator failure modes, including failure of front left actuator, two front actuators, two left actuators, and the whole brake-by-wire system.
The simulation results are compared with those of an uncontrolled vehicle. The results show that the new algorithm works effectively to ensure safe braking even in the case of brake system failures. In all simulation scenarios, the stop distance and lateral deviation for the controlled vehicle are both less than those for the uncontrolled one, respectively. The acceleration of the controlled vehicle is closer to the desired level than that of the uncontrolled one. When one actuator fails, the controlled vehicle can follow the desired deceleration well. When the left and right braking forces are unequal, the vehicle can keep good stability by additional steering. When the whole brake-by-wire system fails, the controlled vehicle can still generate some braking forces due to brake-by-steering effect. So, the control allocation algorithm improves the vehicle braking performance and stability in the case of brake system failures.
Derivation of the Control Allocation Controller
To minimize the control inputs, the control allocation model can be converted into an optimization problem as follows: where W is a weighted diagonal matrix.
The Hamiltonian function can be expressed as:
where λ is Lagrange multiplier. Let the partial derivative of H with respect to u m be equal to zero, then
So,
Similarly, let
And then substitute Eq. (35) into Eq. (36), yields
APPENDIX

